This paper presents a review and in−depth
Introduction
Pulsed thermography (PT) as a nondestructive testing and evaluation (NDT&E) technique is based on the application of a short and high power thermal pulse to the specimen sur− face while recording the thermal response using an infrared camera [1] . Once the thermal pulse is applied, a thermal front is created and propagates within the material until it reaches internal defects. The interaction of heat diffusion between regions having different thermal properties will produce dissimilar behaviours of the temperature decay dur− ing the cooling process, which can be observed with an infrared camera. This approach is characterized in transient regime -contrary to lock−in thermography in which its deployment is carried out in a steady−state condition -pro− viding thereby a fast and straightforward acquisition.
This inspection approach owns several advantages being the most outstanding in its quickness and easiness, as well as in its capability to be employed on several types of mate− rials (for example: metals, polymers and composites). How− ever, the signals acquired with the infrared camera are often contaminated with noise from external reflections, emis− sivity variations and also non−uniform heating caused dur− ing the application of the external excitation. The latter is probably the most harmful and it is an unavoidable problem in the configuration of the irradiation sources.
Fortunately, many of the problems that arise from the application of the non−uniform heating can be partially eli− minated through application of processing techniques to the temperature signatures recorded with the infrared camera. In general terms, most of the processing techniques consist in a transformation of the temporal data to a different do− main with the purpose of simplifying data analysis and obtaining a new variable to deal with. This new variable may improve the defects detection, especially to those that are more sensitive to the effects of lateral heat diffusion.
In this paper will be reviewed recent advances of signal processing techniques applied to PT inspection data on lam− inated composites materials. From classical thermal con− trast−based techniques, to more complex regression meth− ods such as thermographic signal reconstruction and pulsed phase thermography. These techniques will be examined along with their theoretical basis and application on typical thermograms obtained in a PT inspection. In order to ana− lyse the performance of the techniques in highly anisotropic materials, an inspection by PT is carried out on a specimen made up of carbon fibres (carbon fibre reinforced polymer -CFRP). Once the acquisition is obtained, the whole thermal sequence is processed using the three techniques under dis− cussion in this work. A quantitative variable is defined in order to describe the performance of each technique as s function of the thermal properties of the material, size and depth of the defects.
Along with the analysis performed on the techniques mentioned above, a novel processing method called partial least−squares thermography will be also introduced. The application of PLST as a signal processing technique is tested through the application on the same thermal data pre− viously considered. The advantages and limitations of the new method over traditional techniques are also discussed.
Thermographic signal processing methods
The application of signal processing techniques on thermo− graphic images arises from the need to overcome primary the harmful effects caused by the non−uniform distribution of the irradiation applied during thermal excitation which produces abnormal thermal patterns that are often superim− posed on the contrasts produced by internal defects. Fig. 1 depicts how the visibility of the defects (in terms of thermal contrast) is reduced in the present of non−uniform heating, especially at the centre of the specimen. It is also possible to observe the difference between images obtained when a uni− form distribution of irradiation is applied to the surface (which physically is almost impossible to obtain). Negative effects of a non−uniform heating include reduction of spatial resolution (affecting smaller defects) and limit of detection (affecting deeper defects). Due to these problems, PT, in its basic form, is generally limited to qualitative applications on large, near−surface defects.
Thermographic signal reconstruction
TSR is popular and an attractive processing method spe− cially conceived to be used in PT data [2, 3] . This technique brings important improvements and advantages over PT raw data, the most significant being the simplicity and accu− racy of quantitative measurement, increase of temporal and spatial resolution, reduction of high frequency noise and ability to produce time derivative images without generating additional noise. The basis of TSR is the use of a low order polynomial function to reconstruct -or to fit -the tempera− ture evolution cooling profiles obtained from an inspection by PT.
The application of TSR to the CFRP specimen PT data is depicted in Fig. 2 where are shown time−derivate images at different times obtained after the regression of the ther− mal data. In this case, the number of coefficients m was set to 8.
Pulsed phase thermography
Pulsed phase thermography (PPT) [4] is a processing tech− nique based on the superposition principle which states that a time−domain response may be obtained from a frequency− −domain response T(t) using Fourier expansion 
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in which T(z, w n , t) is the plane thermal wave of the angular frequency w n propagating in the z−direction and a(w n ) is the measure of the strength of this component in the transient concerned.
Physically, the diffusion of heat from the surface into the solid can be understood in terms of the propagation of these thermal waves into the solid away from the surface. The dif− ferent frequency components will suffer different amounts of attenuation, increasing or decreasing the penetration of each of the thermal waves. It is because of this duality between the transient and harmonic problem that PPT is considered as the link between pulsed and lock−in thermo− graphy [5, 6] . In PPT the data is transformed from the time domain to the frequency domain using the one−dimensional discrete Fourier transform (DDT) [7] 
where j is the imaginary number, n designates the frequency increment (n = 0.1, ..., N), Dt is the sampling frequency in− terval, and Re and Im are the real and imaginary part of the transform, respectively. The main attraction of the powerful technique are the phasegrams which are less affected by non−uniform heating and optical fluctuations (for instance, emissivity variations). Furthermore, PPT has proven to be effective -in terms of applicability and accuracy -in quan− titative analysis of subsurface defects.
Differential absolute contrast
Differential absolute contrast (DAC) [8] is a technique which was developed as an alternative to the classical ther− mal contrast computations and all the inherent problems that brings with it (non−uniform heating, emissivity varia− tions and environmental reflections). Based on the solution of the 1D Fourier heat equation, DAC looks for the T sa at the time t which is computed locally assuming that on the first few images all points behave as a sound area (Pilla et al. 2002) . Thus, the thermographic data obtained from a PT experiment can be approximated to the 1D solution of heat equation through following expression (Pilla et al. 2002 )
The first step in the implementation of the DAC method is to define ¢ t as a given time value between the instant when the thermal excitation is applied t o and the precise moment when the first defective spot appears on the ther− mogram. It is important to emphasize that Eq. (3) is a good approximation at earlier times. As time elapses, Eq. (3) will diverge from the semi−infinite case.
Partial least squares thermography
In spite of the great improvement in the quality of the images obtained with the techniques already reviewed, their application is subjected to certain criteria which include: defect depth, thermophysical properties of the material and duration of the transient regime. This is due to the fact that all three techniques are derived from the 1D heat conduction equation which implies that the heat diffusion process in the transversal direction is the most predominant. This condition is not always satisfied and usually deeper defects suffer the consequences of the lateral heat diffusion. These concerns motivated the review of an alternative method that could allow for the reconstruction of the thermographic signatures while maintaining physical consistency.
Based on a statistical correlation method, partial least− −squares thermography (PLST) has been proposed as a tech− nique for the treatment of thermographic images [9] . PLST computes loading P and score T vectors that are correlated to the predicted block Y (as in Maximum Redundancy Anal− ysis), while describing a large amount of the variation in the predictor matrix X (as in Principal Component Regression). The matrix X corresponds to the surface temperature matrix obtained during the PT inspection, meanwhile Y is defined by the observation time during which the thermal images were captured. The PLS model is achieved by decomposing X and Y into a combination of loadings P and Q (formed by orthogonal vectors), scores T and U (the projections of the loading vectors associated with the singular values) and residuals E and F [10] [11] [12] . Results obtained after the appli− cation of PLST are depicted in Fig. 3 .
One of the main advantages of PLST is the separation of physical effects. A detailed analysis of each latent variable allows one to determine that the first PLS component is related to the non−uniform heating. After the identification of this LV, it is possible to subtract it from the correlated data and enhance thus, the visibility of defects.
Comparative analysis
As mentioned in previous section, the performance of the techniques is evaluated in terms of the signal−to−noise ratio at maximum signal contrast. The methodology used to com− pute this variable is available in Ref. 13 . Fig 4 shows the results of the SNR at maximum thermal contrast for raw data and after applying the signal process− ing techniques on the thermographic sequence obtained in the PT inspection. Furthermore, the average of the SNR at maximum signal contrast of each technique are plotted in order to estimate an overall performance. It should be men− tioned that this value has to be exanimated with caution, since it reflects the techniques performance under the exper− iment conditions and not a global assessment of the good− ness of the techniques.
As a first observation from these graphs, it can be con− cluded that no signal processing would be required for de− fects having an aspect ratio above 25, since the SNR obtai− Fig. 3 . Enhanced IR thermal images after reconstruction with PLST. The first LV which contains the effects of non−uniform heating was supressed from the new set producing images with a considerable noise reduction. ned from raw thermograms is comparable (and sometimes higher) than the processed results. The real usefulness of processing data becomes more evident for defects having the smallest aspects ratios. In spite that most of the defects have SNRs greater than 20 decibels (considered to be the detection threshold), an appreciable enhancement of the SNRs at maximum signal contrast were achieved with the treatment of the thermal images using each of the tech− niques, especially for those defects with aspect ratio below 10 (more challenging defects to be detected). For defects with aspect ratio below 25, 1 st and 2 nd derivative (TSR) and phase images (PPT) provide important improvements on the signal−to−noise ratio. DAC can provide improvement when the aspect ratio is greater than 37. As long as the aspect ratio becomes lower than 37, the performance of DAC is serio− usly affected. Figure 5 shows the images obtained at C max as a function of depth and thermographic signal processing technique, considering only defects with 5 mm of lateral size. The main objective of these images is to validate the methodology adopted to evaluate the performance of the processing tech− niques. The image sequence presented in agrees with the SNR results, which determine that for the CFRP006 speci− men, the best results were obtained with TSR 1 st derivative and PPT phase images. Even considering the great SNRs obtained with DAC in defects with higher aspect ratios, results show a drastically decrease of SNR as D/z becomes lower. Figure 6 shows the six predictor loadings obtained after the decomposition of the thermal sequence in latent variables. The predictor loadings represent the coefficients that define a liner combination of PLS components that approximate the original predictor values. Physically, they describe the variability of each PLS components.
Results using PLST
It can be noted from same loading but with less contrast. Deeper defects can be observed in the 3 rd , 4 th and 5 th PLS loadings, which is due to the fact that the variation in the temperature during the cool− ing process becomes lower as the depth increases (in agree− ment with heat conduction theory). As already mentioned, through an in−depth analysis of each PLS components, it is possible to suppress the most con− taminated components and with less redundant information. Then, a new sequence less contaminated can be obtained.
In a similar manner as in previous section, an analysis of the SNR at maximum signal contrast has been performed in order to evaluate the performance of the new method. It can be noted from Fig. 7 that a considerable improvement in the SNR values is obtained after processing the PT raw data with partial least squares regression. With the PLSR an increase in the SNR was obtained for 88% (22/25) of the defects. Only defects with D/z = 15/0.2, 7/0.2 and 3/0.8 exhibit SNR values below that obtained with the raw data. Since the defects with 0.2 mm depth are located in the mid− dle of the specimen (where more thermal energy is concen− trated during the thermal excitation), a decrease in their SNR values was expected due to a reduction in the signal strength. However, their values continue to be above the detection threshold of 20 db.
The performance of the SNR results improves when the suppression of the 1 st PLS component is applied; an incre− ase in the SNR values for 96% of the defects is achieved when non−uniform heating is removed from the synthetic PT sequence. Even the defects with the lowest aspect ratio exhibit an increase in their SNR values. The increase in the SNR values when the suppression of the 1 st PLS component is performed (where the effects of non−uniform heating are retained) is associated with a reduction in the background noise in the new thermal sequence. Moreover, the shorten− ing of the onset time (time at which the defects are first detectable in the thermal sequence) plays an important role in the increase of the signal strength, since the effects of lat− eral heat diffusion (a phenomenon known as blurring) are more predominant at later times.
Conclusions
In this work the theory and application of three of the most popular signal processing methods were revised and dis− cussed. The implementation of these techniques was carried out on raw data obtained from a pulsed thermography in− Comparison of signal−to−noise ratio at maximum signal con− trast for raw data, using PLST with six components and after sub− tracting non−uniform heating effects.
spection of a carbon fibres reinforced polymer. A signal−to− −noise ratio was performed in order to evaluate the perfor− mance of each technique. It is important to strengthen that the SNR results may vary as a function of the inspection parameters, such as sampling frequency and truncation win− dow. Furthermore, a new method of signal processing of pulsed thermography data has been proposed and tested on experimental carbon fibre−reinforced polymer. The tech− nique, which is based on partial least squares regression, produces a new set of thermal images constructed from the decomposition of the original data into latent variables. The PLSR model allows for the components associated with non−uniform heating to be identified and separated. Thus, it is possible to suppress the harmful effects of non−uniform heating and create a new set of images with a considerable reduction in the background noise, while preserving the physical consistency.
